We revisit the possibility of Majorana neutrinos production at the Large Hadron Collider (LHC) by studying the pp → l the angle between the final leptons, using a forward-backward like asymmetry to study the effects of the different gauge invariant operators. We also study the pp → l + i νγ process, which is dominant for low m N masses if tensorial one-loop generated new physics leading to a magnetic moment for the heavy neutrinos is present. This channel provides a powerful signal that could be observed at the LHC with the aid of non-pointing photons observables and cuts on the displacement between the prompt lepton and the photon in the final state.
I. INTRODUCTION
While the discovery of neutrino oscillations and its interpretation in terms of non-zero neutrino masses remains as the most compelling evidence for the existence of physics beyond the Standard Model, many proposals have been made to explain the tiny neutrino masses, and the seesaw mechanism stays as one of the most straightforward means for solving this problem [1] [2] [3] [4] [5] [6] . The mechanism introduces right-handed sterile neutrinos that, as they do not have distinct particle and antiparticle degrees of freedom, can have a Majorana mass term leading to the known masses for the standard neutrinos, as long as the Yukawa couplings between the right handed Majorana neutrinos and the standard ones remain small. The Majorana mass term implies the possibility for lepton number violating (LNV, ∆L = 2) processes involving charged leptons.
The inquiry into the Majorana nature of neutrinos has led to dedicated searches for evidence of LNV at hadron colliders in the very well known same-sign dilepton (ss-dilepton) channel pp → l + i l + j + 2 jets (see [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and references therein) recently including new production mechanisms [17] [18] [19] , and the chances to discover heavy Majorana neutrinos in e + e − , e − P , e − γ and γγ colliders have been studied [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Searches for heavy Majorana neutrinos in the ss-dilepton channel are currently being performed at the LHC [31] [32] [33] [34] [35] .
In the naïve Type-I seesaw scenarios often studied, . Thus, as suggested in [9] , the detection of Majorana neutrinos (N ) via ∆L = 2 processes would be a signal of physics beyond the minimal seesaw mechanism. The Majorana neutrino interactions could be best described in a model independent approach based on an effective theory, considering Majorana neutrinos N with negligible mixing with the ν L .
The effective interactions for the heavy Majorana neutrinos were early studied in [9] , where the possible phenomenology of dimension 6 effective operators was introduced. The dimension 5 operators extending the low-scale Type-I seesaw were investigated in [36] . Their phenomenology is addressed in recent works as [37] for the Fermilab SBN program, and in [38] concerning N − Higgs interactions in hadron colliders. The dimension 7 effective N operators are studied in [39, 40] . The feasibility of observing heavy Majorana neutrinos with mass m N 30 GeV in the future Belle-II and ILC experiments is studied in [41] .
The effective model we consider in this paper [9] has been tested in the LHC Run I [34, 35] for Majorana neutrino masses above 100 GeV , in events with high transverse momentum objects including two reconstructed leptons and jets, for √ s = 7 T eV . The data are found to be in agreement with the expected SM background, leading to limits in the effective couplings and new physics scale for some selected operators. If this kind of sterile neutrino exists for m N < m W , the produced jets in the final state l + i l + j + 2 jets may not pass the cuts required to reduce backgrounds, as pointed out, for example, in ref. [42] .
Indeed, for masses m N around a few GeV the Majorana neutrino we are considering behaves as a long-lived neutral particle, with a measurable decay length. This gives us a new means for probing the effective new physics at this lower mass scale, taking advantage of displaced vertices techniques. Recent works use displaced vertices for studying heavy sterile neutrinos in the LHC [14, 38, [43] [44] [45] [46] [47] and future colliders [48, 49] .
In our previous work [50] we found that for m N 30 GeV , the dominant neutrino plus photon N → νγ decay channel is given by the contribution of effective tensorial operators generated at one-loop level in the unknown underlying ultraviolet theory. As this channel cannot shed light on the Majorana or Dirac nature of heavy neutrinos, we first tackle the LNV same-sign dilepton signals for low Majorana neutrino masses neglecting the one-loop operators contribution. This enables us to test the capability to discern between the different gauge invariant operators contribution to the pp → l + i l + j + 2 jets process, using a forward-backward like asymmetry, and imposing displaced-vertices cuts that reject the SM background, in a scenario with no one-loop-generated operators contribution.
In spite of not being a LNV signal, a study of the dominant neutrino plus photon decay channel is included in this paper, as it also was found that long-lived neutral radiatively decaying particles like the Majorana neutrino N , could explain the MiniBooNE [51, 52] and SHALON [53] anomalies [50] , following sterile neutrino explanations for these experimental puzzles [54] . The radiative N → νγ channel can be observed by the signature of an isolated electromagnetic cluster together with missing transverse energy, where the photon originates in a displaced vertex. New physics searches involving displaced photons and missing trans-verse energy have been performed at the LHC [55, 56] , mainly dedicated to SUSY searches, and searches with the same final state: lepton, photon and missing E T [57] .
The paper is organized as follows. In sections I A and I B we review the effective Lagrangian approach and the experimental bounds on the effective couplings. In Sec.I C we discuss the distinctive features of the low m N region for our signals. The same-sign dilepton plus jets process is studied in Sec.II, introducing the displaced leptons distance L l + l + and our results for the leptonic forward-backward like asymmetry A
In Sec.III we study the prompt lepton and neutrino plus photon process, presenting the non-pointing photon z DCA and displaced lepton-photon distance L l + γ signal distributions. Our final remarks are given in Sec.IV.
A. Effective model
While most of the past work has been focused on the investigation of heavy Majorana neutrinos that mix with the SM light neutrinos in the framework of low scale Type-I seesaw scenarios (see [7, 8] ), the aim of our approach is to investigate the possible contributions of a heavy Majorana neutrino with negligible mixing to the SM ν L . Although the minimal framework capable of accommodating the measured light neutrino masses requires the introduction of two singlet Majorana fermions, in this work we will consider the most simple benchmark scenario where only one heavy neutrino state is taken into account.
Thus we consider an effective Lagrangian in which we include only one relatively light right handed Majorana neutrino N as an observable degree of freedom. The effects of the new physics involving one heavy sterile neutrino and the SM fields are parameterized by a set of effective operators O J constructed with the standard model and the Majorana neutrino field and satisfying the SU (2) L ⊗ U (1) Y gauge symmetry [58] .
The effect of these operators is suppressed by inverse powers of the new physics scale Λ.
The total Lagrangian is organized as follows:
Note that we do not include the Type-I seesaw Lagrangian terms giving the Majorana and Yukawa terms for the sterile neutrinos. The dominating effects come from the lower dimension operators that can be generated at tree level in the unknown underlying renormalizable theory.
The dimension 5 operators were studied in detail in [36] . These include the well known [59] contributing to the light neutrino masses, and operators with the N : O N φ ∼ (N N c )(φ † φ) contributing to the N Majorana masses and giving couplings of the heavy neutrinos to the Higgs (its phenomenology for the LHC has been studied very recently in [38] ), and an operator O In the following, as the dimension 5 operators do not contribute to the studied processes -discarding the heavy-light neutrino mixings-we will only consider the contributions of the dimension 6 operators, following the treatment made in [9] . We start with a rather general effective Lagrangian density for the interaction of right-handed Majorana neutrinos N including dimension 6 operators.
The first operators subset includes those with scalar and vector bosons (SVB),
and a second subset includes the baryon-number conserving four-fermion contact terms:
where e i , u i , d i and L i , Q i denote, for the family labeled i, the right handed SU (2) singlet and the left-handed SU (2) doublets, respectively. Also γ µ and σ µν are the Dirac matrices, and = iσ 2 is the antisymmetric symbol.
1 The effects of considering the O
N B operator were studied in [36] for the case of 2 massive Majorana neutrinos N 1,2 . The lighter N 1 must decay to SM particles via the mixing between light and heavy neutrinos. The channel N 1 → νγ is also found to be dominant for m N1 < m W , and its possible discovery through the presence of a displaced photon vertex is mentioned. Our treatment coincides with the limit in which N 1,2 are mass-degenerate and the light-heavy mixing is taken to be zero.
One can also consider operators generated at one-loop level in the underlying full theory, whose coefficients are naturally suppressed by a factor 1/16π 2 [9, 60] :
Here B µν and W I µν represent the U (1) Y and SU (2) L field strengths respectively. In this paper we study the well known ss-dilepton Majorana neutrino signal pp → l Fig.2 , and the new pp → l + i νγ neutrino plus photon channel shown in Fig.7 . In order to obtain the cross sections for the above processes, we derive the effective Lagrangian terms involved in the calculations, taking the scalar doublet after spontaneous symmetry breaking as φ = 
where the sum over the families i is understood and the constants α J are associated to specific operators according to
For the N → νγ decay vertex II in Fig.7 , the considered Lagrangian terms are generated by one-loop level tensorial operators:
where −P (A) is the 4-momentum of the outgoing photon and a sum over the family index i is understood again. The coupling constants α N W correspond respectively to the operators in (4) . The total decay width of the N (Γ N ) is calculated in [61] , and the complete dimension 6 effective Lagrangian is presented in an appendix in that work. in recasts of LHC searches for the same-sign dilepton signal [62] .
The effective operators above can be classified by their Dirac-Lorentz structure into scalar, vectorial and tensorial. The scalar and vectorial operators contributing to the studied processes are those appearing in (5) with couplings named α S 1, 2, 3 and α W, V 0 respectively. They play a role in the production and decay vertices for the pp → l + i l + j + 2 jets process, and only in the production vertex for the l + i νγ channel. The one-loop tensorial operators in (7) give a magnetic moment for Majorana neutrinos, which drives the N → νγ decay.
B. Effective coupling bounds summary
The couplings α i J of the different operators O J in the effective Lagrangian (1) can be bounded by exploiting the current existing experimental constraints on right-handed sterile Majorana neutrinos, which are generally imposed on the parameters representing the lightheavy neutrinos mixing parameters in seesaw models. Recent reviews [26, [63] [64] [65] [66] summarize in general phenomenological approaches the existing experimental bounds, considering low scale minimal seesaw models, parameterized by a single heavy neutrino mass scale M N and a light-heavy mixing U lN , with l indicating the lepton flavor. In previous works [50, 61] we have presented in detail the way in which we take into account existing constraints on processes like neutrino-less double beta decay (0νββ), electroweak precision data (EWPD), LNV rare meson decays as well as direct collider searches, including Z decays. We refer the reader to those papers for a detailed discussion. In order to put reliable bounds for the effective couplings, we take into account existing experimental constraints on sterile-active neutrino mixings, relating the U lN mixings in Type-I seesaw models [7, 8] with our effective couplings α J in (1) by the relation
for the operators O J contributing to each process imposing bounds on the mixings U 2 lN . For the couplings involving the first fermion family the most stringent are the 0νββ-decay bounds obtained by the KamLAND-Zen collaboration [67] . Following the treatment made in [61, 63, 68] , they give us an upper limit α 
physics scale is taken to be Λ = 1 T eV (here and in the following)
2 . Concerning the second fermion family, for sterile neutrino masses 2 GeV m N 10 GeV the upper limits come from the DELPHI collaboration [69] . Considering Ω ll = U lN U l N as in [8] , we obtain the bound α in order to simplify the discussion, for the numerical evaluation of the cross sections and decay widths in this work we consider two different sets of numerical values for them. In the set we call set 0 (s0), we take the couplings associated to the operators that contribute to the 0νββ-decay for the first family as restricted by the corresponding bound α bound 0νββ 3 , and we fix the other constants to the value α bound ≤ 0.3. For the 1-loop generated operators we consider the coupling constant as 1/(16π 2 ) times the corresponding tree-level coupling:
. Thus, for example, for the operator O N W , which contributes to 0νββ
we have
The set we call set 1 (s1) takes all the effective couplings to be equal to α set 1 (s1).
C. Low m N kinematic features
As we mentioned in the introduction, Majorana neutrinos with masses of a few GeV are found to be long-lived neutral particles that could be searched for in the LHC with displaced vertices techniques. In this paper we exploit this long decay length in order to search for the production of Majorana neutrinos.
In higher m N regions, the same-sign dilepton (l + l + jj) signal has been thoroughly studied in hadron colliders, in the effective framework we consider here [9] , and searched for in the LHC [34, 35] for m N above 100 GeV . Up to now, all LHC searches for heavy Majorana neutrinos [31] [32] [33] [34] [35] in these final states are performed without considering the possibility of a sufficiently long heavy neutrino lifetime causing the decay vertex to be displaced from the production point.
The average decay length N of the Majorana neutrino and its flight direction in the lab frame can be obtained for each event from their simulated momenta k N :
where 
As the Majorana neutrinos can travel a macroscopic distance before decaying, we consider only those events with the decay occurring inside the detector. The probability for the N to decay inside a detector of size
For each considered process in this work, we expect a number of signal events which depends on the theoretical model parameters m N and the effective couplings set α set (as defined in sec.I B) through the scattering cross section σ proc (m N , α set ), on the integrated luminosity L, and on the size of the detector L D :
The measurable decay length of the few-GeV mass Majorana neutrino will be exploited in this paper considering two distinct observables: for the ss-dilepton signal, we find the vertex displacement can be measured by obtaining the distance between the traces of both outgoing leptons, a prompt one coming from the N production vertex, and the other in the decay vertex. For the neutrino plus photon channel, we consider the distance between the prompt outgoing lepton and the displaced photon traces, and also the non-pointing photon observables defined in recent new physics searches in ATLAS [55, 56] .
The cross sections for the l + l + jj and the l + νγ final states are shown in Fig.1 , for the prompt anti-muon (1a) and prompt positron (1b) channels. Here we take into account all the scalar, vectorial and tensorial operators contribution (in eqs. (2), (3) and (4)), and set the numerical values of the effective couplings according to set 0 (s0) in Tab.I. In this plots we do not take into account the probability factor P DI in (11). 
for the effective couplings set 0 (s0). Λ = 1 T eV . All the effective operators in (5) and (7) are included.
It can be clearly seen in Fig.1 that in the effective framework we are working with, the dominant decay channel in the few-GeV m N mass region is the N → νγ. Considering an on shell N production, the cross section for the ss-dilepton process can be written as the product of the production cross section by the decay channel branching ratio:
As the radiative N -decay channel completely dominates the low mass region and is driven by tensorial one-loop operators, for the study of the LNV same-sign dileptons plus jets signal, we assume α 1−loop = 0 in order to study the ss-dilepton channel, which is not observable if we have a 1 − loop effective operators contribution.
In Fig.1 one can also appreciate the diminishing effect of the neutrino-less double beta decay bound α bound 0νββ value on the l + = e + channel: the cross section for the second family l + = µ + is appreciably higher, due to the more relaxed bound α bound = 0.3 considered in set 0 (s0).
II. SAME SIGN DILEPTON SIGNAL Using the effective Lagrangian in (5) we calculate the cross section for the production of the heavy neutrino according to the parton hard processes shown in Fig.2 .
The corresponding amplitude can be written as the product of the production and decay processes: Taking the center of mass energy √ s = 14 TeV,σ andŝ to be the parton level scattering cross section and squared center of mass energy, and x 1 and x 2 the usual deep inelastic scaling variables, we write the cross section as
where the minimum value for x 1 and x 2 is x m = m 2 N /s and the function f q (x) represents the q(x) parton distribution function (PDF). In our numerical simulations we have used the CTEQ functions [79] .
Backgrounds
As the considered signal is a LNV process, it is strictly forbidden in the SM, and the background always involves additional light neutrinos in the final state that escape the detectors as missing energy. The SM backgrounds have been extensively studied in the literature (see [7, 8, 11, 15, 39] ) and in recent experimental searches [31, 32] .
The background for these searches can be classified into prompt leptons, charge-flip opposite-sign dileptons and misidentified leptons. The first are SM events resulting in two genuine same-sign leptons, including diboson production (W Z, ZZ) which gives ss-dileptons when both Z and W decay leptonically and one lepton from Z decay cannot be isolated or is missed out of the detector coverage, tt-plus boson (ttW , ttW , ttZ) processes contributing to the signal when the tops decay hadronically and the bosons decay leptonically, triboson [8, 31] , and it cannot be easily eliminated in the few-GeV m N region, as the cuts imposed on the final leptons p T in order to reject those coming from b decays can also affect the signal: the tracks have not enough momentum to pass the cuts. This channel can be viable with relaxed kinematic criteria, but as stressed in [14] , we lack the tools to simulate this background, as such a signature would need to be performed with a data-driven estimation, as is done in [31] .
In the range of N masses we study, it is produced with a significant boost, and its products are typically collimated. However, distributions on the invariant mass of the l + 2 jj system M (l + 2 jj) ∼ m N could help to distinguish the signal [13, 42] . Taking into account the vertex displacement can help background reduction, and that is why we study this very interesting feature for the low mass region. Recent LHC searches exploiting the long-lived particles displaced vertex feature in final states with charged leptons and jets [80] [81] [82] [83] originally intended for SUSY particles [84] are currently being used for studying models with right handed massive neutrinos [43] .
A. Numerical results
In order to make a preliminary survey we study the same-sign dileptons plus jets channel In our parton level MC-simulation, the distance between the straight line containing the flight direction of the prompt lepton produced in the primary vertex and the one for the displaced secondary lepton can be found as the length of the segment orthogonal to and crossing both traces:n l 
and the distance
L l + l + can be calculated as L l + l + =n · L N ,
with the definition given in (10).
We calculate the distance between the traces of the charged leptons, which, almost always, is different from zero since the vertices are displaced. A sketch in Fig. 3a shows the
The distribution of the signal distances between the lepton's fly directions is shown in Fig.3b for various few-GeV m N masses.
In order to reject the prompt ss-dilepton background, we set this cut up to
which is approximately the precision of the detector, discarding events for which the distance between the traces of the final leptons is less than 1 mm. In this way, we conveniently eliminate the background, since the distance between the traces would be zero if this final state (up to additional non-detectable neutrinos) comes from standard interactions. 
FIG. 3:
L l + l + definition and differential distribution.
Leptons Asymmetry
Our aim in this section is to investigate if the contribution to the ss-dilepton signal from scalar and vectorial effective operators can be disentangled. This gives us a first estimate to know to what extent this kind of search is worth to be done.
In view of the discussion given in Sect.I C, we study the few-GeV m N region for the ssdilepton signal taking into account the separate effects of the scalar and vectorial operators, and considering the tensorial operators contribution not to be present.
To measure the effects from the scalar operators we set the coupling constants corresponding to the vector operators α W and α V 0 equal to zero, and set the value of the scalar operators α
in (12) to the values of the bounds presented in Tab.I for the set 0 (s0). Similarly, to study the contribution from the vectorial effective operators we set the couplings α S 1,2,3 equal to zero, and take α W = α V 0 = α bound = 0.3 (s0). Once the displacement between the Majorana neutrino production and decay vertices is used to reduce the few-GeV m N region background, we can test the separated contributions of the vectorial and scalar operators to the process, in order to obtain information about the kind of new physics behind these effects.
In Fig.4 we show the contribution to the cross section of the vectorial (Fig.4a) and scalar ( 
This asymmetry does not require the prompt lepton assignment needed for calculating the usual A F B for the underlying production process pp → l + N , also avoiding the identical colliding beams problem [9] . As can be seen in Fig.5 , where we show the angular distribution for a mass of m N = 5 GeV , the contributions from both the scalar and vector operators lead to an imbalance. However, we expect the angular distributions to be related to the DiracLorentz structure of the effective operators. Thus we expect a higher angular dependence in the vectorial case, which is visible in Fig.5 .
In order to estimate the chances of disentangling the contributions corresponding to the scalar and vector effective operators, we study the angular asymmetry A l + l + F B , taking into account the error
Assuming the number of events to be Poisson distributed, we write
and a straightforward calculation leads to
The results for the A We find that for the scalar set of operators the asymmetry is compatible with zero, but the vectorial set shows a clear effect, different from zero, by several standard deviations. In the case of the scalar operators contribution, this is due to the bigger error bars, which in turn stem from the fact that the scalar operators give a lower contribution to the signal's cross section.
III. PROMPT LEPTON AND DISPLACED PHOTON PLUS MISSING E T SIGNAL
As we found in [50] , the N → νγ decay channel dominates the low m N region and is driven by one-loop generated tensorial operators. If one includes these in the N decay width calculation, this decay mode would overshadow the ss-dilepton signal. So in the case that new physics involving tensorial modes is present, in this section we explore the chances to observe the pp → l + νγ process at the LHC. The occurrence of magnetic moments giving N − ν transitions in the effective approach was studied in detail in [36] . In that early work, the authors introduce three right handed In our current approach, the magnetic moment is generated by the tensorial dimension 6 one-loop level generated operators in (4) . It leads to a very interesting phenomenology, not yet studied in the context of the LHC. In this section we perform a rapid calculation in order to grasp the possibility of detecting the sterile N through the use of displaced photons observables, and explore the possibility of introducing cuts on the vertex displacement to enhance the signal observation.
The cross section for the production and decay of the heavy Majorana neutrino hard (18) and (19) .
process we study can be written as:
Here the squared scattering amplitude in the narrow width approximation is [86] 
with the amplitude for the production vertex I in Fig.7 being
(i is the family index for the final charged anti-lepton l + 1 ) and the amplitude for the decay vertex II being
where j = 1, 2 is the family index for the final neutrino.
Again, the full cross section σ(pp → l + νγ) is calculated making a Monte Carlo simulation, using the the CTEQ pdf functions [79] .
Backgrounds
The backgrounds for the l + νγ final state have been studied in SUSY searches in events with a photon, a lepton and missing transverse momentum at the LHC [57] for high momentum regions and considering signals where all the final particles are produced promptly.
It is classified as misidentified photons or leptons and SM-electroweak background. The first arises when electrons or jets are misidentified as photons (coming from events where a photon decays into an e + e − pair and an electron fails to register track seeds due to detector inefficiencies) or a jet is misidentified as a photon when a large fraction of its energy is carried by mesons decaying into photons. Misidentified leptons are reconstructed leptons not arising from W or Z boson decays, and come primarily from heavy-flavor quark decays and hadrons misidentified as leptons.
The SM-electroweak background is dominated by Z, W − γ events that have the same signature as the signal events: a photon, a lepton and missing transverse energy (E miss T ) from neutrinos. In the case of the dominant SM-electroweak background, leptons arise mostly from W → νl decays, and the E miss T peaks nearly at m W /2. In our case, for few-GeV m N this background could be reduced imposing a cut on the ν − γ system transverse mass
m N as defined in [57] , but changing the role of the charged lepton with the photon (see [87] ), given they come from the decaying N . We made a fast parton level simulation of the dominant SM-electroweak background with the CalcHep code [88] . As an illustration, in Fig. 8 we show the E In Table II We have not quantitatively studied the fake E miss T backgrounds suppression using a minimum E miss T cut. Instead, our proposal is to study the possibilities to suppress the backgrounds imposing cuts that take into account the vertex displacement of the signal, as will be shown in the next sections.
Signal
For our signal, the smoking gun for the production and flight of the N is its decay length, that leads to a finite separation between the primary and secondary vertex. We are mostly interested in exploiting this distinctive displaced vertex feature, in this case measuring the distance between the prompt lepton track and the displaced photon flight direction, in order to reduce the backgrounds in the low m N region.
In the LHC, observables using non-pointing photons have been defined and new physics searches were performed involving photons originating from a displaced vertex due to the decay of a long-lived particle into a photon and an invisible particle. These non-pointing photons and E miss T final state searches [55, 56] focus on the discovery of long-lived SUSY particles, but as is the case for this work, could serve the purpose of discovering heavy 
Numerical results
The distance of closest approach z DCA of the displaced photon can be obtained in our
Monte Carlo simulation using the simulated momenta of the outgoing photons and the decay length of the Majorana neutrino defined in (10), which is obtained from the simulated momenta of the Majorana neutrinos, and the exponentially sampled distance .
Taking z P V = 0, in Fig.10 we plot the normalized differential cross section of the signal as a function of the distance of closest approach z DCA for the l + = e + , µ + channels. Here we have introduced only one kinematical cut, taking |η| ≤ 1.47 for the final particles, and a separation between the prompt lepton and the photon in the lab frame: |cos(θ γ )| ≤ 0.9. In the lower panels of Fig.10 we show the z DCA distribution for different mass values m N and the couplings set 1 (s1). It can be seen from this pictures that the z DCA distribution is very sensitive to both the couplings set and the Majorana neutrino masses. In this plots we also consider the probability for the N decay to occur inside the detector P DI defined in Sect.I C with a detector size L D = 1m. 
Here in the integrands z stands for z DCA , and in the numerator we consider the number of events with z DCA between a minimal distance cut z min and a fiducial detector size, which for simplicity we take as z D = 1 m. In the denominator we consider all the events between 0 and z D . The integrated luminosity is canceled in the quotient. We show the curves for z min = 10 mm and z min = 30 mm 6 . We find regions with events where the signal has high efficiency after the z min cut.
We also study the distribution of the signal with the distance L l + γ between the prompt lepton and the displaced photon traces defined equivalently as in Sec.II. In Fig.12 we show the normalized differential cross section of the signal for the l + = e + , µ + channels as a function of the displacement distance L l + γ . Here we also take into account the probability
We study the efficiency of the signal after a cut L l + γ > 5 mm, for different values of m N and the couplings set 1 (s1), considering an integrated luminosity L = 100f b −1 , for the l + = µ + channel. Our results are shown in Tab.III. 5 Here, for simplicity, we take the Majorana neutrino decay length to be the average decay length N in (9). 6 The expected pointing resolution for |z DCA | < 100 mm is in the 10 − 20 mm range [56] . Finally, we would like to stress that information on the photon's time of flight used in LHC searches [55, 56] could also be used to further reduce the backgrounds, relating it to the ν − γ system transverse mass.
IV. FINAL REMARKS
The heavy neutrino effective field theory, parameterizing new high-scale weakly coupled physics beyond the minimal seesaw mechanism gives a model independent framework for studying possible lepton number violating effects in hadron colliders. In the simplified scenario with only one extra heavy SM singlet N with effective interactions, it also leads to dimension 6 Lagrangian terms giving a magnetic moment for the heavy N .
In this paper we study the effects of a heavy sterile Majorana neutrino with effective interactions in the pp → l Making a statistical analysis we find the contributions from the two operator groups could be distinguished. In particular, the vectorial operators give an asymmetry clearly distinct from zero.
The heavy neutrino effective magnetic moment -yet unstudied in the LHC-leads in this mass range to a novel displaced photon signature in the pp → l + i νγ channel, which we find could be detected with the aid of the non-pointing photon observable z DCA with cuts in the displacement between the prompt lepton and the outgoing photon to reject the backgrounds.
Our encouraging findings suggest to deepen this preliminary parton level studies in order to accurately model the signals and backgrounds in the LHC with Monte Carlo simulations including hadronization and detector simulation techniques. The not-that-heavy Majorana neutrinos could be discovered at the LHC in the case the triggers and analysis for Run II dedicated searches keep reconstruction thresholds sufficiently low to efficiently tag displaced vertices from signal processes.
